The endoplasmic reticulum (ER) and Golgi were labeled by green fluorescent protein chimeras and observed by time-lapse confocal microscopy during the rapid cell cycles of sea urchin embryos. The ER undergoes a cyclical microtubule-dependent accumulation at the mitotic poles and by photobleaching experiments remains continuous through the cell cycle. Finger-like indentations of the nuclear envelope near the mitotic poles appear 2-3 min before the permeability barrier of the nuclear envelope begins to change. This permeability change in turn is ϳ30 s before nuclear envelope breakdown. During interphase, there are many scattered, disconnected Golgi stacks throughout the cytoplasm, which appear as 1-to 2-m fluorescent spots. The number of Golgi spots begins to decline soon after nuclear envelope breakdown, reaches a minimum soon after cytokinesis, and then rapidly increases. At higher magnification, smaller spots are seen, along with increased fluorescence in the ER. Quantitative measurements, along with nocodazole and photobleaching experiments, are consistent with a redistribution of some of the Golgi to the ER during mitosis. The scattered Golgi coalesce into a single large aggregate during the interphase after the ninth embryonic cleavage; this is likely to be preparatory for secretion of the hatching enzyme during the following cleavage cycle.
INTRODUCTION
What happens to the endoplasmic reticulum (ER) and Golgi during mitosis is of interest on several grounds. By characterizing membrane dynamics in mitosis, it may be possible to learn more about the nature of the membrane budding, transport, and fusion processes that occur between the ER and Golgi (Lowe et al., 1998) . The two organelles may also have specific mechanisms for partitioning them into daughter cells (Warren and Wickner, 1996) and may be involved in regulating physiological processes during cell division.
It is commonly thought that the ER and Golgi are changed drastically during mitosis. In textbooks, it is stated that the ER becomes vesiculated during mitosis (Murray and Hunt, 1993, p. 70; Alberts et al., 1994, p. 918; Lodish et al., 1995 Lodish et al., , p. 1213 . A variant of this view is that fragmentation is minimal in cultured cells, whereas the ER of cells in tissues undergoes breakdown (Warren, 1993) . However, there are actually only a few cells in which ER vesiculation in mitosis has been reported (see DISCUSSION) .
In contrast to the situation with the ER, there is abundant evidence for changes in the Golgi during mitosis. Dissolution of Golgi stacks has been seen by electron microscopy (Zeligs and Wollman, 1979; Misteli and Warren, 1995) , and changes at the light microscopic level have been seen by immunofluorescence (Burke et al., 1982; Hiller and Weber, 1982) and by green fluorescent protein (GFP) imaging in living cells (Shima et al., 1997 (Shima et al., , 1998 . In one case, during the rapid early divisions in the Drosophila embryo, no change seems to occur (Stanley et al., 1997) .
The nature of the change in the Golgi is not clear at this time. Evidence from cell fractions supports the conversion to vesicles (Jesch and Linstedt, 1998) , whereas other evidence supports small clusters (Shima et al., 1997 (Shima et al., , 1998 . Cell-free systems have been developed, which show vesiculation upon addition of mitotic extracts or activated cell cycle proteins Acharya et al., 1998) . There is also evidence from oligosaccharide processing against mixing of the Golgi with the ER (Farmaki et al., 1999) . A dominant negative mutant of sar1, which blocks ER-to-Golgi transport (Aridor et al., 1995) , was reported to have no effect on the Golgi during mitosis or on Golgi redistribution in nocodazole (Shima et al., 1998) , but Storrie et al. (1998) used the same mutant to document redistribution of Golgi into ER in untreated cells and a block of redistribution of Golgi in nocodazole. Based on immunocytochemical studies, Thyberg and Moskalewski (1992) have proposed instead that the Golgi is resorbed into the ER during mitosis.
To begin to address these issues, GFP chimeras were expressed in sea urchin embryos. Sea urchin embryos have several characteristics that make them well suited for observations of structural changes during the cell cycle. After about the fifth cleavage, the blastomeres (daughter cells of the fertilized egg) become organized in a single layer around the blastocoel, the large acellular cavity of the blastula. The subsequent divisions occur with the two mitotic poles in the plane of the cellular layer, which is a convenient orientation for light microscopy. Also, as the blastomeres cleave, they become progressively smaller and more easily viewed by high-resolution oil immersion optics. By the time of hatching, the cells have acquired characteristics of a ciliated epithelium. The cells secrete a hatching enzyme (HE) that dissolves the fertilization envelope after the 10th division (LePage and Gache, 1990; Roe and Lennarz, 1990) , allowing the embryo to swim away using its newly developed cilia (Masuda, 1979) .
In this study, image sequences of the ER and Golgi through the cell cycle were obtained without noticeable photodynamic damage. The image sequences were obtained without using inhibitors to produce synchronized cell populations or inducers of GFP chimera expression. Additionally, a change in the Golgi was observed during a major developmental transition.
MATERIALS AND METHODS

Obtaining and Injecting Sea Urchin Eggs
Lytechinus variegatus were obtained from Tracy Andacht (Beaufort Marine Station, Beaufort, NC) or from Sue Decker (Davie, FL). The embryo of this species L. variegatus is particularly well suited for observing structural changes during the cell cycle because of its exceptional optical clarity. The egg is ϳ105 m in diameter and is relatively easy to microinject. Furthermore, the embryo develops normally at room temperature, with cell cycle times as brief as 30 min at 24°C. Gametes were obtained from single gonads by injection of a small amount of 0.5 M KCl as described by Fuseler (1973) . For injections and observations, eggs were kept in chambers described by Kiehart (1982) . Quantitative injection was done using mercury pipettes as described by Hiramoto (1962) . Details of methods and equipment for injection are available at http://egg.uchc.edu/injection.
GFP Chimeras
The constructs GFP-KDEL (Terasaki et al., 1996) and KDELR m -GFP (Cole et al., 1996b) have been described previously. Galtransferase-GFP (Galtase-GFP) has also been described previously (Cole et al., 1996b) , but mRNA made from the original DNA construct did not become translated in sea urchin eggs. Successful expression was obtained by altering the five nucleotides preceding the start codon (the "Kozak sequence") to a sequence found in ER calcistorin/ protein disulfide isomerase (ECast/PDI), a native sea urchin protein (Lucero et al., 1994) . The alteration was accomplished by PCR using the 5Ј primer 5Ј-ggg gga att ctt aaa aat gag gct tcg gga gcc gct cc-3Ј.
mRNA was transcribed in vitro using a kit from Stratagene (La Jolla, CA). The final product was dissolved in water and stored at Ϫ70°C (stock concentrations between 0.3 and 1.0 mg/ml). Injections were typically 2% of the cell volume. Eggs were injected and then allowed to recover for Ͼ10 min before adding sperm to fertilize them. The embryos were observed at the 16-cell stage to determine the animal vegetal axis of each embryo (the micromeres are present at the vegetal pole). All observations reported here are of the animal half blastomeres using embryos in which the micromeres were situated farthest away from the coverslip. Hatching occurred at approximately the same time as embryos grown outside the chambers.
Reagents
All fluorescent reagents were obtained from Molecular Probes (Eugene, OR). For some experiments, the ER was labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI [DiIC 18 (3)]) by injecting DiI-saturated oil (Wesson soy bean oil; Hunt-Wesson, Fullerton, CA) into eggs before fertilization (Terasaki and Jaffe, 1991) . Nocodazole was obtained from Sigma (St. Louis, MO), and was kept as a 1 mg/ml stock in DMSO at Ϫ20°C.
Light Microscopy and Quantification
Except as indicated, imaging was done with a laser scanning confocal microscope (MRC 600; Bio-Rad, Cambridge, MA) on an upright microscope (Axioskop; Carl Zeiss, Thornwood, NY) with a krypton argon laser. Unless otherwise noted, a Zeiss plan-apo 63ϫ numerical aperture (NA) 1.4 objective lens was used.
The Bio-Rad SOM software was used for making macros to bleach and record images for the fluorescence loss in photobleaching (FLIP) experiments (see Figures 3 and 10) . A special trigger circuit (http://www2.uchc.edu/ϳterasaki/trigger.html) was used to automatically record the confocal images on an optical memory disk recorder (TQ 3038F; Panasonic, Secaucus, NJ). The laser intensity at the back focal plane of the objective was measured by a laser power meter (1815-C; Newport/Klinger, Irvine, CA). Imaging was done with a 10% neutral density filter and with the laser at the low setting; the laser intensity was measured to be ϳ40 W. Photobleaching was done with no neutral density filter and with the laser at the normal setting; the laser intensity was measured to be ϳ2 mW. Because the zoom was five to six times greater, the intensity of the photobleaching light was ϳ50 ϫ 25 ϭ ϳ1250 times the intensity of excitation light used for imaging.
For the ER and nuclear envelope permeability experiment (see Figure 4 ), the confocal microscope was set up with the double labeling filter set ("K1" and "K2"). Alternate images of the Fl 70-kDa dextran and DiI were obtained by manually switching the excitation filters.
To quantitate the time course of the increase in GFP fluorescence (see Figure 5A ), ratio images were formed using rhodamine-dextran; ratio images were used because small changes in focus level can cause changes in fluorescence intensity. Eggs were injected with a 1:1 mixture of 70-kDa Rh dextran and Galtase-GFP mRNA in a volume corresponding to 4% of the egg volume. The final concentration of the Rh dextran was ϳ20 g/ml, and the final concentration of mRNA was the same as in the other experiments. Embryos were imaged with a 10ϫ objective lens (Zeiss, 0.3 NA plan-neofluar) with the confocal aperture completely open. After subtracting off background, a ratio was formed between the GFP and Rh average fluorescence intensities in a rectangle in the middle of the embryo. Data from two embryos are graphed in Figure 5A , and the following linear equations were used for calculating percent increase attributable to synthesis: (0.186 ϫ t) Ϫ 0.38 and (0.134 ϫ t) Ϫ 0.28, where t is in hours (sixth interphase, t ϭ 4 h; seventh cleavage, t ϭ 4.25 h; and seventh interphase, t ϭ 4.5 h).
For imaging KDELR m -GFP during mitosis at lower magnification (see Figures 6 and 12 ), the 63ϫ lens was used. The laser was used on the low setting with a 3% neutral density filter, normal scan, and zoom 1. With these settings, the fluorescence from the Golgi was not saturated, and the cytoplasmic fluorescence was dim. For the experiments done at higher magnification (see Figures 8 -11 ), the same lens and laser setting were used with a 10% neutral density filter. The scan setting was slow scan enhance, which results in a three times longer integration time per pixel than normal scan. Because the excitation intensity is three times greater as a result of the neutral density filter used, the resulting image is approximately nine times brighter than those in Figure 6 . To obtain higher-resolution details of this brighter image, the zoom was set at 3 with a two-frame average. The images were saved without any postprocessing on the computer hard disk. For quantitation of fluorescence in interphase versus mitosis (see Figures 8 and 9 ), the original image data were analyzed with the public domain NIH Image program (available at http://rsb.info.nih.gov/nih-image/). The original images (i.e., without any changes to the pixel intensity values as they were originally collected), as well as regions chosen for the quantitation, can be viewed or downloaded at http://terasaki.uchc.edu/ mitosis.
The time-lapse z series sequence (see Figure 7 ) was obtained with an Olympus (Melville, NY) FluoView confocal microscope on an IX-70 inverted microscope. Time-lapse recordings of blastomere divisions (Table 1) were made using an Image 1/AT image processor (Universal Imaging, West Chester, PA). For making figures, the original images were cropped and adjusted for brightness and contrast in Photoshop (Adobe Systems, Mountain View, CA). KaleidaGraph (Synergy Software, Reading, PA) and Instat (GraphPad Software, San Diego, CA) were used for statistical calculations and for making graphs.
Electron Microscopy
Embryos were fixed for 1 h in 1% glutaraldehyde, which was made by diluting 8% glutaraldehyde in seawater (Electron Microscopy Sciences, Gibbstown, NJ). The eggs were changed to seawater and then postfixed for 1 h with 1% OsO 4 and 0.8% potassium ferricyanide in 0.1 M sodium cacodylate, pH 7.4. The eggs were rinsed thoroughly in distilled water and stained in 0.5% aqueous uranyl acetate for 1 h. They were dehydrated and embedded in Poly/Bed (Polysciences, Warington, PA). Ultrathin sections were stained with uranyl acetate and lead citrate and examined in a transmission electron microscope (CM-10; Philips, Eindhoven, The Netherlands).
RESULTS
ER Dynamics
To examine the organization of the ER during the cell cycle, GFP was targeted to the lumen of the ER of sea urchin embryos. GFP was previously targeted to the ER of starfish oocytes by use of the construct GFP-KDEL (Terasaki et al., 1996) . This construct contains a signal sequence from a native sea urchin lumenal protein, ECast/PDI (Lucero et al., 1994) , followed by the S65T mutant of GFP (Heim et al., 1995) with a KDEL ER retention sequence at the C-terminal end (Munro and Pelham, 1987) . mRNA coding for GFP-KDEL was injected into unfertilized sea urchin eggs. GFP fluorescence developed only if the eggs were subsequently fertilized. This is consistent with findings that the overall protein synthesis rate is low in unfertilized eggs and increases up to 100-fold after fertilization (Regier and Kafatos, 1977) . After fertilization, GFP fluorescence increased gradually so that it was bright enough to be imaged clearly by about the fifth cell cycle. An approximate time table of the cell division cycles is given in Table 1 . Because there is considerable difference in the developmental fates of the different blastomeres (Horstadius, 1973) , only blastomeres at the animal pole region were imaged in this study (see MA-TERIALS AND METHODS).
The ER organization underwent striking changes as the cells progressed through the cell cycle ( Figure 1A ). In interphase, just after exiting from mitosis, the ER appeared to be uniformly distributed. A pattern representative of cisternae throughout the interior was seen, as well as the outline of the interphase nucleus. ER gradually accumulated at the mitotic poles before nuclear envelope breakdown (NEBD) ( Figure  1B ) and remained concentrated there as the cells formed a mitotic apparatus and went through mitosis. The accumulation of ER at the mitotic poles, which has been seen previously by electron microscopy (Harris, 1975) , immunofluorescence (Henson et al., 1989) , and dye labeling, showed that it originated with the sperm aster (Terasaki and Jaffe, 1991) . The microtubule-depolymerizing drug nocodazole (1 M) did not prevent accumulation of ER membranes, but the accumulations were irregular and not bipolar ( Figure  1C ). As the cells exited mitosis, many small "chromosome vesicles" formed first ( Figure 1A , second row, second panel from left; Ito et al., 1981) , which then fused to form a single large nucleus.
Electron microscopy shows that the mitotic pole region has a high density of membranes that have characteristics of the ER (Figure 2 , top and middle panels). There were also some mitochondria, but the yolk platelets were excluded from this region. The fluorescence in different regions of GFP-KDEL-expressing cells was quantitated in single optical sections through the center of the blastomeres. The ratio of fluorescence in the mitotic pole region versus the peripheral region was 2.32 Ϯ 0.27 (n ϭ 13). This is evidence that the ER is ϳ2.3 times more concentrated in the pole region than outside. Cytosol was also present in a higher concentration in the mitotic pole region primarily because of the exclusion of yolk platelets. The question then arose of whether the ER is concentrated to the same degree as the cytosol. The relative concentration of cytosol was estimated by quantitating fluorescence in eggs injected with 10-kDa rhodamine dextran. The ratio of fluorescence in the mitotic pole region versus the peripheral region was 1.69 Ϯ 0.08 (n ϭ 12). The ER was therefore concentrated in the mitotic pole region to a somewhat greater degree than the cytosol.
During the later parts of mitosis, the appearance of the ER away from the mitotic apparatus did not change drastically ( Figure 3 ). In particular, the ER did not seem to become vesiculated as occurs in rat thyroid epithelium (Zeligs and Wollman, 1979) . To assess ER continuity during mitosis, photobleaching techniques were used. GFP-KDEL was bleached by intense illumination of a small region of a cell, Average division times (hr:min) were determined from a time-lapse sequence of three embryos from one animal observed at ϳ24°C. The division times are likely to vary in different animals and are also dependent on temperature, so that the times shown are meant to convey the general features of division times rather than to document them precisely. The early embryonic divisions are synchronous; but later divisions become less synchronous, particularly after the seventh cleavage: so that the division times for different blastomeres are more variable in the later stages. The total cell numbers are approximate for the later stages because several blastomeres at the vegetal pole withdraw form the cell cycle (Summers et al., 1993) .
and the behavior of the unbleached GFP-KDEL was observed. We previously used photobleaching to provide evidence that the ER becomes transiently discontinuous at fertilization in starfish eggs (Terasaki et al., 1996) . Using a fluorescence redistribution after photobleaching (FRAP) protocol an ϳ8 ϫ 10-m region was bleached, and the fluorescence in the bleached zone was monitored. The bleached zone recovered to 90 Ϯ 5% (n ϭ 6) in 27 s in interphase cells and to 86 Ϯ 14% in 27 s in mitotic cells (n ϭ 6). If GFP-KDEL were present in vesicles, the recovery should be much slower. For instance, fluorescence in endosomes (labeled by a 15-min pulse with 0.3 mg/ml 10-kDa fluorescein dextran in the seawater) recovered only 6 Ϯ 8% (n ϭ 6) in 82 s in interphase cells. The rapid recovery of GFP-KDEL indicates that continuous pathways for diffusion of GFP-KDEL exist between the bleached and unbleached regions in the mitotic cells.
To assess the continuity of the ER over the entire cell, a variation of FRAP was used (FLIP; Cole et al., 1996b; Ellenberg et al., 1997) . In this protocol, a small region is bleached repetitively with short intervals of recovery that allow for fluorescence redistribution. During the recovery intervals, cells are imaged with one scan at low-intensity illumination to monitor the fluorescence redistribution. A small region of Electron microscopy of ER and Golgi in sea urchin embryos (5 h after fertilization). Top panel, ER is accumulated in the region of the mitotic poles. Yolk platelets (large, dark-staining organelles) are excluded, but some mitochondria are present (magnification, 2070ϫ). Middle panel, higher-magnification view of the accumulated ER in the region of a mitotic pole (magnification, 21,360ϫ). Bottom panel, typical appearance of a Golgi stack. Golgi stacks are scattered throughout the cytoplasm and do not appear to be connected. The Golgi stack shown here is ϳ1.2 m long in its widest dimension. The nucleus is seen on the left, indicating that this blastomere was fixed during interphase (magnification, 18,000ϫ).
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Vol. 11, March 2000interphase or mitotic cells was subjected to nine cycles of photobleaching and recovery over a total period of 2.5 min. The GFP-KDEL fluorescence was reduced uniformly throughout the cell (Figure 3 ). This indicates that in both interphase and mitotic cells, most if not all of the GFP-KDEL exchanges rapidly by diffusion with the bleached region, as is consistent with molecules in a continuous membrane system. The results of the photobleaching experiments thus provide strong evidence that the ER remains continuous during mitosis of sea urchin egg blastomeres.
NEBD
When viewed by transmitted light microscopy, the smooth, distinct outline of the nucleus suddenly becomes irregular during mitosis. This process is classically called NEBD, and the term "NEBD" is used to refer to the time at which this change occurs.
Before NEBD, when the sides of the nucleus were still smooth, finger-like projections of GFP-KDEL staining extended inward into the nuclear region from the two mitotic Evidence that the ER is continuous during mitosis. Blastomeres expressing GFP-KDEL in interphase or metaphase were repetitively bleached using a FLIP protocol. The top panels show the blastomeres before bleaching. The cells were subjected to nine bleach cycles. The confocal microscope was set at 3.1 s per scan. Each cycle consisted of three bleaching scans at high zoom with high laser intensity, followed by one imaging scan at low zoom with low laser intensity, followed by a 10-s wait period. The duration of each cycle was ϳ20 s. The total elapsed time for the nine cycles was 2 min 51 s. The middle panels were taken after the fourth bleach (1 min 12 s), and the bottom panels were taken after the ninth bleach (2 min 51 s). The rectangles show the regions that were bleached. Because fluorescence throughout the cell was bleached by this protocol, it is likely that the GFP KDEL is present in a continuous compartment throughout the cell. Bar, 10 m.
poles. This was also seen in eggs labeled with a DiI-saturated oil droplet to stain the ER (Terasaki and Jaffe, 1991) . These structures correspond to the "nuclear envelope projections" seen in sea urchin embryos by transmitted light microscopy, which appear 2-3 min before NEBD (Hamaguchi et al., 1993) . In the GFP-KDEL-or DiI-labeled blastomeres, the finger-like projections extended rapidly (within ϳ10 s), remained the same length for longer periods, and sometimes moved from side to side or appeared to move out of focus (Figure 4 , left panels). For ϳ2-3 min, the projections were present, whereas the sides of the nucleus (located equatorial to the mitotic poles) remained smooth. There was then an abrupt change as the sides of the nuclear envelope became wrinkled (NEBD) and the ER underwent a general movement into area formerly enclosed by the nuclear envelope. Hamaguchi et al. (1993) interpreted the nuclear envelope projections as indentations of the nuclear envelope caused by microtubules. However, it was possible that the microtubules penetrated the nuclear envelope, and that the nuclear envelope projections are ER tubules extended along the microtubules. To resolve this issue, large fluorescent dextrans, which do not cross the nuclear pores, were used to assess the permeability of the nuclear envelope (Terasaki, 1994) . After mitosis, the newly forming nucleus excludes large dextrans (Swanson and McNeil, 1987) , so that large dextrans can be injected into an egg before fertilization and be used to monitor dextran entry during each successive mitosis. Eggs were injected with DiI and with 70-kDa fluorescein dextran as a marker for nuclear envelope permeability. Time-lapse imaging of the two labels (Figure 4) showed that the large dextran began to enter ϳ30 s before the lateral outline of the nucleus became crumpled (Figure 4 , D vs. G and H). This shows that a change in the permeability barrier of the nuclear envelope begins ϳ30 s before the time that is designated as NEBD. This appears to be similar qualitatively to the starfish oocyte germinal vesicle during meiotic maturation, in which a slow entry of 70-kDa dextran begins ϳ5 min before rapid entry at NEBD (Terasaki, 1994) ; in that study, it was suggested that the slow first phase of entry is through nuclear pores and the rapid phase occurs after disruption of the double membrane bilayer. In addition, the finger-like nuclear envelope projections are present 1.5-2.0 min before any change in nuclear envelope permeability. This is strong evidence that the nuclear envelope projections are indentations of an intact nuclear envelope by microtubules.
Golgi Localization
GFP was targeted to the Golgi apparatus of sea urchin embryos by using two chimeras that were previously used with HeLa and other cultured cells (Cole et al., 1996b) . ELP (Hsu et al., 1992) is the human homologue of yeast erd2, a protein that cycles between the Golgi apparatus and the ER and is thought to retrieve proteins containing the KDEL ER retention sequence (Semenza et al., 1990) . Mutants of erd2 that remain in the Golgi have been generated (Townsley et al., 1993) . KDELR m -GFP (Cole et al., 1996b) consists of such a mutant ELP and the S65T mutant of GFP (Heim et al., 1995) . Galtase-GFP consists of the first N-terminal 60 amino acids of human galactosyl transferase, a resident protein of the Golgi involved in carbohydrate processing, followed by the S65T mutant of GFP (Cole et al., 1996b) .
mRNA coding for KDELR m -GFP or Galtase-GFP was injected into unfertilized sea urchin eggs. Both resulted in similar staining patterns. As with GFP-KDEL, no fluorescence developed if the eggs were left unfertilized. After fertilization, there was a 2-h lag followed by a linear increase of fluorescence for at least 8 h ( Figure 5A ). The lag period is probably due to the time for several processes to occur: the postfertilization increase in protein synthesis rates, synthesis of the chimera, and the folding of the chimera into a fluorescent conformation. Although in other systems, protein synthesis is thought to halt or slow down during mitosis, there has been no evidence for this in sea urchin embryos.
GFP fluorescence was bright enough to be imaged in intracellular structures by about the fourth or fifth cell cycle. Fluorescent spots of different sizes (ϳ2-5 m) and shapes were scattered throughout the cytoplasm in interphase (Figure 5 , B and C), along with some background fluorescence. Electron microscopy showed that Golgi stacks are present throughout the cell in unfertilized eggs and in the early cell cycles (Figure 2, bottom panel) . Furthermore, when blastomeres expressing GFP-Golgi were subjected to a FLIP protocol, the Golgi spots outside of the photobleach area were not eliminated (our unpublished results). Thus, each bright fluorescent spot very probably corresponds to a Golgi stack.
In addition to the fluorescent spots, a lower level of labeling was present throughout the cell. When higher-intensity illumination was used, the fluorescence had the same pattern as GFP-KDEL labeling, indicating that KDELR m -GFP or Galtase-GFP was also present in the ER (see Figures 8A and  9A ). The fluorescence in the ER is likely to be from newly synthesized chimera molecules that had not yet progressed 
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The total number of Golgi spots in blastomeres during interphase of the 32-, 64-, and 128-cell stages were counted from z series sequences. It was difficult to make an accurate count because of a large difference in the sizes of fluorescent spots; in several cases, it was not clear whether a large, apparently multilobed "spot" should be counted as one or as several Golgi. With these difficulties in mind, the data indicate that the number of Golgi per blastomere decreases from generation to generation; it is possible that the total number of Golgi per embryo is constant at this stage of development (Table 2) ; i.e., the number per blastomere may be halved after each division.
Changes in Golgi during Mitosis
In time-lapse sequences, the number of Golgi spots decreased cyclically as the cells went through the mitotic phase of the cell cycle ( Figure 6A ). The number of Golgi spots began to decrease after NEBD and appeared to be at a minimum just after cytokinesis ( Figure 6B ). At about the time the nucleus reformed, the Golgi spots began to reappear and gradually became more numerous and larger. These changes were observed during the fifth through eighth cell cleavages (labeling in earlier cleavages was too dim, and the behavior in later cleavages is described in the next section). To exclude the possibility that the number of Golgi spots decreased because of movement of Golgi out of the confocal section, a time-lapse z series of optical sections was taken as the blastomeres went through mitosis. Stereo projections of the z series images showed that there were much fewer Golgi spots throughout the whole cell at the time of cytokinesis (Figure 7) .
To investigate the fate of the GFP chimeras during mitosis, Galtase-GFP-expressing blastomeres were imaged at higher magnification and illumination levels (Figure 8 ). Illumination levels were approximately three times, and the pixel dwell time (the time that fluorescence emission is integrated per pixel) was three times longer, so the image is ϳ10ϫ brighter. When blastomeres in interphase were imaged with these conditions, the Golgi labeling was saturated, but the ER pattern became clearly visible (Figure 8 , A and C). During mitosis, the ER was also visible, and there were small bright spots that were not detectable in the low-magnification images (compare Figures 6 and 8B) . In time-lapse sequences, the small spots appeared to be derived from the interphase Golgi spots because they tended to be more abundant in regions where the Golgi spots were formerly located. The amount of fluorescence in the small spots was clearly not enough to account for all of the fluorescence in interphase Golgi spots. The dense staining in the mitotic pole regions corresponds well to GFP-KDEL staining of the ER (Figure 1 ), but staining details cannot be resolved, so Galtase-GFP may be present in other organelles in these regions. In the peripheral regions, there appeared to be no readily identifiable staining other than ER.
The ER became noticeably brighter during mitosis and then became dimmer in the next interphase (Figure 8 ). This suggested that a significant fraction of the Galtase-GFP becomes redistributed to the ER during mitosis. Further evidence for redistribution to the ER was obtained from cells blocked in mitosis by the microtubule-depolymerizing drug nocodazole. Galtase-GFP-expressing embryos were exposed to nocodazole (1 M) during the interphase before the seventh cleavage. Previous studies have reported that microtubule-depolymerizing drugs prevent chromosome separation and cytokinesis while slowing down the DNA and centrosomal replication cycles (Sluder et al., 1986) . The blastomeres underwent NEBD but did not form a mitotic spindle. The number of small spots decreased with time in the nocodazole-treated cells. After 30 -40 min in nocodazole, there were only a few identifiable small spots, and aside from this labeling, only the ER appeared to be labeled ( Figure 9 ). Photobleaching was then used to address whether the Galtase-GFP was present in a continuous or discrete membrane compartment in the nocodazole-treated cells. When cells were photobleached repetitively with a FLIP protocol, the fluorescence throughout the cell became reduced ( Figure  10 ) just as the FLIP protocol reduced GFP-KDEL staining in cells (Figure 3) . These experiments provide strong evidence that Golgi proteins become redistributed primarily to the ER in nocodazole-treated cells.
Quantitative measurements of total amounts of proteins in ER and Golgi have recently been made in cultured cells; in these cells, the Golgi and ER are located in regions that can be distinguished fairly readily, and the total fluorescence can be collected in one or a few confocal optical sections ). An attempt was made to quantitate the redistribution of Galtase-GFP to the ER during sea urchin blastomere mitosis.
Galtase-GFP was deliberately redistributed to the ER by the use of brefeldin A, a drug that causes a rapid redistribution of Golgi proteins into the ER of many cell types (Lippincott-Schwartz et al., 1989) . Brefeldin A did not affect the timing of the sea urchin embryo cell cycle, and embryos developed up to the hatching stage (see next section). Exposure of embryos in interphase of the sixth cell cycle to brefeldin A (5 g/ml) caused most of the Golgi spots to disappear and prominent staining of the ER 30 min later in interphase of the seventh cell cycle (Figure 11 ). The average brightness was determined in regions in which only ER was visible. There was an increase of 2.48 Ϯ 0.41-fold (mean Ϯ SD; n ϭ 9) after 30 min of brefeldin A treatment. Because the total amount of Galtase-GFP in the embryo increases by ϳ26% in the 30-min interval between the sixth and seventh interphase (see MATERIALS AND METHODS), this corresponds to a 2.5/1.26 ϭ 2.0-fold increase. The ER volume is probably much larger than the Golgi volume, so the 2.0-fold increase implies that the amount of Galtase-GFP in the Golgi and ER are approximately equal in these cells at this stage of development. For instance, if the ER were 10 times the volume of the Golgi, and both contained the same amount of Galtase-GFP, then a complete transfer of the Golgi would result in a 1.8-fold increase in ER concentration (or, with the same volume ratio, if there were 1.2 times as much Galtase-GFP in the Golgi as in the ER, there would be a 2.0-fold increase in ER concentration).
In interphase versus nocodazole-treated cells, the average intensity in ER-containing regions increased 1.96 Ϯ 0.15-fold There was some uncertainty in counting. The Golgi that were located farther away from the focal plane gave rise to a progressively more hazy image, and sometimes it was difficult to determine whether an image corresponded to one or two separate Golgi. During interphase, the spots probably correspond to stacks seen by electron microscopy (Figure 2 ), but the average size of the spots is smaller during mitosis, and it is not known what they correspond to Figure 6 (Cont). ultrastructurally. Last, with this magnification, illumination level, and acquisition settings, the smaller spots seen in Figure 8 were not visible. For the measurements shown here, the spots counted were Ն1 m in dimension and had a distinct outline. The data document a general trend, which is that the number of Golgi spots begins to decrease soon after NEBD, is at a minimum soon after cytokinesis is completed, and increases rapidly afterward. The original data are shown at http://www2.uchc.edu/mitosis. The top graph contains data from the cell shown in the image sequence. Bar, 10 m.
(n ϭ 5). This value is an underestimate, because the fluorescence in the clumps of concentrated ER was not measured. The amount of new Galtase-GFP added to the ER by protein synthesis is 26% in 30 min, so that the amount of Golgi Galtase-GFP that transfers to the ER in nocodazole-treated cells is estimated to cause an increase of at least 1.70-fold in Galtase-GFP in the ER.
Image sequences (30-s intervals) of untreated cells progressing through mitosis were made (Figure 8 ). Average intensity measurements were made in peripheral cytoplasm, not in the mitotic pole regions, where it is difficult to distinguish between ER and Golgi staining ( Figure 8G ). There was a 1.36 Ϯ 0.07-fold increase (n ϭ 5; this value is significantly different from 1.0, p ϭ 0.0004) in average ER brightness from just before NEBD to a maximum during anaphase (average time interval, 9.1 min). Because the measurements of large regions of cytoplasm could also include fluorescence from vesicles too small to be imaged, measurements also were made of traced ER profiles. These gave higher-intensity values, but the ratio of increase was the same (both 1.34 for the cell shown in Figure 8 ). This is evidence that the measurements over large regions in which only the ER pattern is visible give a representative value for the fluorescence in the ER.
The estimate for increase in ER fluorescence must be corrected for the increase in Galtase-GFP because of synthesis. Assuming that Galtase-GFP is synthesized and folds to a fluorescent conformation at a constant rate through the cell cycle, there is an 8% increase in Galtase-GFP in the embryo for a 9-min interval (at ϳ4 h; see Table 1 ). A block of ER-to-Golgi transport during mitosis (Featherstone et al., 1985) would lead to an increase of Galtase-GFP only in the ER. Because the ER contains approximately the same amount of Galtase-GFP as the Golgi (see above), a complete block of ER-to-Golgi transport that occurred at NEBD would lead to a 16% increase in signal within the ER. With this subtracted, the increase in brightness of the ER corresponds to a redistribution of at least 20% of the Golgi to the ER in 9 min. This estimate does not take into account the high density of ER at the mitotic poles.
It would be interesting to quantitate the amount of Galtase-GFP in the Golgi or Golgi-derived organelles during mitosis, but the Golgi image is saturated under the conditions required to see the small spots. There is also uncertainty about which of the small spots correspond to out-offocus Golgi-derived organelles or regional accumulations in the ER. If it were possible to make this measurement, the fluorescence in the Golgi and ER could be compared with the total fluorescence to determine the fraction of Galtase GFP in small vesicles that cannot be imaged. It would also be possible to address whether there is significant degradation of Galtase-GFP, although this seems unlikely.
The loss of Golgi spots at low magnification, the increase in ER brightness at high magnification, the larger increase in ER brightness when mitosis is prolonged in nocodazole, and the results of the FLIP experiment in nocodazole all are consistent with a significant redistribution of the Golgi to the ER during mitosis.
Golgi Reorganization after the Ninth Cleavage
After the ninth cleavage, the Golgi distribution became strikingly transformed to a single aggregate ( Figure 12A ). This Figure 7 . Time sequence of z series during mitosis of an embryo expressing KDELR m -GFP. z series sequences were obtained at 45-s intervals during the seventh cleavage and consisted of 11 sections 2 m apart. Every sixth z series is shown here (4.5-min intervals). The z series stack for each time point has been projected as a stereo pair. This sequence shows that the decrease in the number of Golgi in one optical section seen in Figure 5 corresponds to a decrease in the number of Golgi throughout the cell rather than a redistribution of the Golgi out of the plane of the optical section. Figure 5 but at zoom 3 instead of zoom 1. In addition, the laser illumination level was increased threefold, and the length of time for collecting fluorescence emission per pixel was increased threefold, so that the brightness of the image was increased ϳ10-fold. As a consequence, the fluorescence from the Golgi was saturated, but the ER and other staining could be observed. The images are a two-frame average (slow scan ϭ 3.1 s per frame) and are part of a sequence taken at 30-s intervals (the complete sequence can be viewed at http://terasaki.uchc.edu/mitosis). (A) Interphase, 6 min 30 s before NEBD of the seventh cleavage occurred. (B) Fifteen minutes after the first image, using identical instrument settings. Golgi spots of interphase cells are no longer prominent, but smaller spots are present throughout the cytoplasm. The ER pattern also appears to be brighter. (C) Twenty-four minutes after the first image. (D-F) The average fluorescence was determined within regions that contained only ER profiles. These areas excluded spots and were intended to measure Galtase-GFP fluorescence in the ER. (G) Average fluorescence versus time for each time point of this image sequence, using area tracings similar to that shown in D-F. The first time point corresponds to A and D, and the last time point corresponds to C and F. The data were used for calculating the ratio of fluorescence in the ER of untreated mitotic versus interphase cells. Bar, 10 m. distribution was seen on both the animal and vegetal halves of the embryo and was maintained after the 10th cleavage. By focusing through the embryo, this aggregate is located between the nucleus and the side of the cell facing the outside of the blastula, away from the blastocoel. Thus the Golgi is located on the apical side of the nucleus, which is the organization typical in epithelia (Fawcett, 1994 ). An apical Golgi was seen by electron microscopy in an unhatched sea urchin blastula (Gibbins et al., 1969) , although the stage of development was not determined precisely in that study. A time sequence of z series images showed that several large Golgi spots formed after the ninth cleavage and then gradually moved together over ϳ40 min (our unpublished results). The Golgi was imaged during the 10th cleavage (the last cleavage before hatching) ( Figure 12B ). The Golgi appeared to move apart from its compact distribution, and then the bright fluorescent structure became lost. The bright fluorescence returned after cytokinesis and became restored to the compact apical structure.
The sea urchin embryo hatches after the 10th cleavage (Dan et al., 1980) . Hatching is accomplished by the matrix metalloendoproteinase HE, which digests the fertilization envelope Gache, 1989, 1990; Lepage et al., 1992) . Immunofluorescence localization is consistent with HE synthesis in the ER and passage through an apical Golgi (Lepage et al., 1992) . HE is presumably packaged into vesicles and secreted at the apical end of the cells. Consistent with this, brefeldin A (0.1-0.2 g/ml continuous exposure) caused dissolution of the Golgi (our unpublished results) and prevented hatching (Skoufias et al., 1991) .
DISCUSSION
ER Remains Continuous during the Cell Cycle
GFP was targeted to the ER by injecting mRNA coding for the construct GFP-KDEL. The bulk of the ER retains its appearance throughout the cell cycle. There is a cyclical accumulation of the ER at the mitotic poles, which may have a regulatory role through its Ca-regulating capacities (Groigno and Whitaker, 1998) or interaction with microtubules (Hepler and Wolniak, 1984) .
Photobleaching has been successfully used to show that ER of starfish eggs becomes transiently discontinuous during fertilization (Terasaki et al., 1996) . Both FRAP and FLIP protocols for photobleaching provide strong evidence that the ER remains continuous through the cell cycle. This conclusion differs from a commonly held view that the ER becomes vesiculated during mitosis. The best evidence for this view is from a well-documented study in rat thyroid Figure 9 . Galtase-GFP distribution in blastomeres arrested in prometaphase. (A) Interphase, 6 min after nuclei reformed after the sixth cleavage. The seawater in the chamber was changed to seawater containing 1 M nocodazole 2 min 30 s after this image was taken. (B) Thirty-six minutes after nocodazole. To monitor the effect of nocodazole, the embryo was imaged at low magnification, low laser illumination at 30-s intervals. NEBD of the seventh cleavage occurred ϳ11 min after nocodazole was added to the chamber. The blastomere was imaged with identical laser intensity and instrument settings as in A. The fluorescence pattern appears to be coming largely from the ER, which is brighter than in the interphase cells. There are some bright spots scattered throughout the cell, but they are much fewer and smaller than in interphase cells. Bar, 10 m.
Figure 8 (Cont).
ER and Golgi during Mitosis Vol. 11, March 2000 epithelium (Zeligs and Wollman, 1979) . It is worth quoting from this study of cells in tissues (Zeligs and Wollman, 1979, p. 67) : "Vesiculation of the ER similar to that observed in the present study has been noted or illustrated for only a small number of mitotic cell types. This may reflect in part the paucity of studies on well-differentiated cells with large quantities of RER, but also indicates that vesiculation of RER is not a general occurrence in all mitotic cells. In fact, in the thyroid glands employed in the present study, several types of interstitial cells (fibroblasts, endothelial cells, and pericytes) were observed in various stages of mitosis, with essentially interphase RER morphology."
Thus it appears that the ER may either become vesiculated or remain continuous during mitosis in different cell types, whether in culture or in tissues, and that this must be checked experimentally. There is recent evidence that the nuclear envelope does not vesiculate but is resorbed into a continuous ER in cultured NRK, COS-7, HeLa, and 3T3 cells (Ellenberg et al., 1997; Yang et al., 1997) . Certainly, it does not appear that vesiculation is physically required to partition the ER. In sea urchin blastomeres, the manner of partitioning appears to be simply that the ER is pushed aside into either of the future daughter cells by the slowly advancing cleavage furrow.
NEBD
GFP-KDEL-and DiI-labeled membrane fingers projected from the mitotic pole regions into the nucleus 2-3 min before NEBD. These structures closely resemble nuclear envelope projections seen previously by transmitted light microscopy, also in sea urchin embryos (Hamaguchi et al., 1993) . Hamaguchi et al. (1993) interpreted these structures to be Figure 10 . The fluorescence from Galtase-GFP in a nocodazoletreated (1 M) treated blastomere was bleached using a FLIP protocol. The image quality is poorer than that shown in Figure 8 , because lower illumination levels were used to minimize bleaching. Photobleaching using a FLIP protocol was begun 52 min after nocodazole was added. The protocol was essentially the same as used in Figure 3 , except that the wait period was 20 s instead of 10 s, and the relative zoom of bleached to imaged was 6 instead of 5. The duration of each cycle was 30 s, and the total elapsed time for the 10 cycles was 5 min. Fluorescence was diminished throughout the cell, providing strong evidence that Galtase-GFP is in the ER. The size of the field imaged was 59 ϫ 39 m, and the bleached area was 12 ϫ 7 m and is indicated by the rectangle. Bar, 10 m. microtubule-driven indentations of the nuclear envelope. Similar projections have also been seen by light microscopy in grasshopper (Chortophaga) spermatocytes (Nicklas, personal communication) . The GFP-KDEL and DiI labeling provide definitive evidence that the projections are membranous.
An unresolved issue from the study by Hamaguchi et al. (1993) is the state of the permeability barrier of the nuclear envelope at the time the projections appear. It is possible, for instance, that microtubules have pierced the nuclear envelope and are serving as tracks for plus end-directed elongation of ER tubules (Terasaki et al., 1986; Dailey and Bridgman, 1991) . Use of fluorescein-labeled 70-kDa dextran (FDx) to monitor nuclear envelope permeability (Terasaki, 1994) showed that the nuclear envelope projections are part of an intact nuclear envelope that still functions as a permeability barrier. It is very likely that the nuclear envelope projections are caused by microtubules pushing in the envelope. Georgatos et al. (1997) described microtubule-associated indentations of the nuclear envelope in human endometrial adenocarcinoma cells and normal rat kidney cells in culture, although there was only one large, wide indentation on each side of the nucleus. Microtubule-driven deformations of the nuclear envelope may therefore be a common feature during mitosis of insect, echinoderm, and mammalian cells. Hamaguchi et al. (1993) and Georgatos et al. (1997) both speculate that they could be involved in positioning chromosomes. Possibly the microtubules in the projections could remain associated with nuclear envelope remnants after NEBD and have a specific role during mitosis.
Golgi Structure during the Cell Cycle
Electron microscopy shows small isolated Golgi stacks scattered throughout the cytoplasm of sea urchin blastomeres. This corresponds well with fluorescence imaging of the Golgi-targeted chimeras GFP-KDELR m and Galtase-GFP. Thus, the Golgi is not a single-copy organelle in sea urchin blastomeres. Because there are multiple copies of the Golgi, there is no apparent reason for them to become vesiculated or to be disassembled to partition them to daughter cells. Even so, there is a fundamental change in the Golgi, because most of the Golgi spots seem to disappear during mitosis in low-magnification time-lapse image sequences.
What happens to the Golgi proteins during mitosis? At higher levels of magnification and illumination, smaller spots are seen. At these levels, the Golgi spots remaining from interphase are saturated, making it difficult to quantify the amounts present in the smaller spots. It is generally agreed that small vesicles Ͼ ϳ100 nm cannot be imaged by this type of microscopy. There is also a dense accumulation of membranes in the mitotic pole regions, where organelles cannot be resolved. Thus, a complete accounting of the fate of Galtase-GFP during mitosis was not possible in sea urchin blastomeres with our confocal microscope imaging system. However, it was possible, at the higher magnification and illumination levels, to visualize parts of the ER fairly clearly. The fluorescence in the peripheral ER was noticeably brighter during mitosis and then became dimmer as the cells exited mitosis. The apparent redistribution to the ER was accentuated by the microtubule-depolymerizing drug nocodazole. When the M phase, which lasts ϳ15 min, was prolonged by a further 15 min with nocodazole, there was almost complete elimination of Golgi spots, and the ER was much brighter. FLIP experiments on nocodazole-treated cells indicate that Galtase-GFP was present in the continuous membranes of the ER. As described in RESULTS, there are several obstacles to obtaining quantitative values. With these reservations in mind, there was an estimated transfer of at least 20% of the Golgi to the ER during the ϳ9 min between NEBD and anaphase of the seventh cleavage.
The quantitation of Galtase-GFP in the ER leaves unresolved what happens to the rest of the Galtase-GFP during mitosis. There is nothing in this study that rules out the possibility that a majority of the Galtase-GFP is present in vesicles. What this study does conclude is that some of the Golgi is redistributed to the ER during mitosis. A similar conclusion was also reached by Zaal et al. (1999) , who have used Golgi-targeted GFP chimeras to investigate the Golgi in cultured mammalian cells. It should be pointed out that the effect of nocodazole on sea urchin mitosis supports the idea that redistribution of Golgi to the ER is the central process during mitosis, although it does not normally go to completion.
During mitosis, there are changes in cellular processes and organization that are not directly related to partitioning. Several physiological processes have been found to be inhibited during mitosis; for instance, endocytic membrane traffic ceases (Berlin et al., 1978) , and signal transduction pathways turn off (Preston et al., 1991) . It may be appropriate to think of mitosis as a period when many highly regulated cellular processes revert to a basal state so that cellular resources are used for partitioning the genetic material. Recent evidence indicates that the Golgi is sustained by a recycling pathway from the ER LippincottSchwartz et al., 1998; Storrie et al., 1998) . Evidence from the present study is consistent with the idea that this recycling pathway is slowed or completely shut down during mitosis in a way that results in a net redistribution of Golgi back into the ER.
Transformation to Apical Golgi
After the ninth cleavage, the multiple Golgi coalesce to form a single apical Golgi. There may be a simple mechanism for establishing the apical Golgi. The central location of Golgi in mammalian fibroblasts is thought to be due to dynein driven movement along microtubules (Cole et al., 1996a Burkhardt et al., 1997; Presley et al., 1997 Presley et al., , 1998 Storrie et al., 1998) . It seems possible that the scattered Golgi in sea urchin blastomeres in early development are due to lack of interaction with microtubule motors, and that the appearance of the apical Golgi after the ninth cleavage is due to acquisition by the Golgi of the ability to bind to dynein.
The sea urchin embryo develops into a ciliated epithelium at about the same time that it secretes a major product from its apical surface. The transformation, which develops within a few hours at most, is rapid compared with the transformation in mouse embryos (Collins and Fleming, 1995) and Madin-Darby canine kidney cells (Bacallao et al., 1989) . The sea urchin embryo may provide another useful system for understanding how epithelial cell characteristics develop and are regulated.
